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Abstract: Proton pump inhibitors (PPIs) are widely prescribed in medical practice for the treatment
of several gastrointestinal disorders. Previous epidemiology studies have reported the association
between PPI use and the risk of AKI, although the magnitude of the association between PPIs and
the risk of acute kidney injury (AKI) remains uncertain. Therefore, we conducted a meta-analysis to
determine the relationship between PPI therapy and the risk of AKI. We systematically searched for
relevant articles published before January 2023 on PubMed, Scopus, and Web of Science. In addition,
we conducted a manual search of the bibliographies of potential articles. Two independent reviewers
examined the appropriateness of all studies for inclusion. We pooled studies that compared the risk of
AKI with PPI against their control using a random effect model. The search criteria based on PRISMA
guidelines yielded 568 articles. Twelve observational studies included 2,492,125 individuals. The
pooled adjusted RR demonstrated a significant positive association between PPI therapy and the risk
of AKI (adjusted RR 1.75, 95% CI: 1.40–2.19, p < 0.001), and it was consistent across subgroups. A visual
presentation of the funnel plot and Egger’s regression test showed no evidence of publication bias. Our
meta-analysis indicated that persons using PPIs exhibited an increased risk of AKI. North American
individuals had a higher risk of AKI compared to Asian and European individuals. However, the
pooled effect from observational studies cannot clarify whether the observed association is a causal
effect or the result of some unmeasured confounding factors. Hence, the biological mechanisms
underlying this association are still unclear and require further research.

Keywords: proton pump inhibitor; acute kidney injury; chronic kidney disease; meta-analysis

1. Introduction

Kidney disease is one of the most common global health challenges, affecting more than
37 million Americans [1]. Acute kidney injury (AKI) and chronic kidney disease (CKD) are
two common types of kidney disease. AKI is known to be a major cause of global morbidity and
mortality [2,3]. However, the prevalence of AKI is rapidly increasing, especially among people
living in developing countries [4]. AKI is also associated with a substantial economic burden
due to increased hospitalization costs, ranging from USD 5.4 to USD 24.0 billion [5]. Therefore,
attention has focused on identifying the potential risk factors of AKI to reduce the burden.
Previous evidence has reported that the risk factors associated with new-onset AKI include age,
hypertension, diabetes mellitus, chronic heart diseases, CKD, and nephrotoxic drugs [6–10].

Proton pump inhibitor (PPI) is a widely prescribed medication in patients with gastric
disorders [11,12]. While the short-term use of PPI promises certain benefits, previous evi-
dence has recently brought public attention to its adverse events in kidney diseases [13–15].
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However, the relationship between PPI use and the risk of AKI is poorly explored. A
significant number of studies found a pathophysiological association between PPI and
acute interstitial nephritis (AIN) [16–18] and CKD [19,20], which leads to the development
of AKI. Recent epidemiological studies have shown positive associations between PPI
use and the risk of AKI [21,22], although several previous studies found no association,
which makes the findings inconsistent [23,24]. Therefore, an overall effect size calculation
is needed in order to make the most effective clinical decisions.

To our knowledge, no comprehensive systematic review and meta-analysis of the
association between the use of PPI and the risk of AKI has been published so far. Therefore,
we performed an updated systematic review and meta-analysis of observational studies
to determine whether the use of PPI is associated with an increased risk of AKI when
compared to non-PPI users. In our study, we examined the risk of AKI among PPI users
based on study design, region, quality of the study, and PPI types. This study might help
clinicians to weigh the risk against overall benefits and provide clinical guidance.

2. Methods

This systematic review and meta-analysis were conducted based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [25,26].
A review protocol was not drafted.

2.1. Search Strategy and Selection Criteria

We searched electronic databases, such as PubMed, Scopus, and Web of Science, before
January 2023 for relevant articles written in English. The following search terms were used
to find potential articles: “proton pump inhibitor”, “PPI”, “anti-ulcer agent”, “esomeprazole”,
“lansoprazole”, “rabeprazole”, “pantoprazole”, “acute kidney injury”, “acute renal failure”, and
“AKI”. All references from previous review articles were manually examined. Two independent
authors scrutinized retrieved studies using pre-established selection criteria. Any disagreement
during the study selection process was arbitrated by a third author and resolved by discussion.

We aimed to include both randomized controlled trials (RCTs) and observational studies,
but there were no RCTs reporting PPIs and AKI risk. Therefore, in this study, we only included
observational studies (such as case–control studies and cohort studies) published in English and
which met the PICO (Patient Intervention Control Outcome) format. Studies were considered
eligible if they met the following criteria: (a) PPI therapy was the exposure of interest; (b) AKI
was the outcome; and (c) effect sizes were reported as an odds ratio (OR), hazards ratio (HR),
or risk ratio (RR) with the corresponding 95% confidence interval (CI). We excluded studies
published as reviews, letters, case reports, editorials, and animal studies.

2.2. Data Extraction

Using pre-established criteria, the same two independent reviewers extracted relevant informa-
tion from the selected articles. For each study, the reviewers collected the author’s name, publication
year, country, number of participants, number of PPI users, number of AKI patients, mean age,
percentage of male and female patients, inclusion criteria, and effect size. Data from multiple
observational studies were compiled into a single file and used to calculate the pooled effect size.

2.3. Risk-of-Bias Assessment

The risk of bias was assessed using the Cochrane risk-of-bias tool and the Newcastle–
Ottawa Quality Assessment Scale (NOS) [27]. The risk of bias was based on the following
three categories: participant selection (4 points), group comparability (2 points), and
ascertainment of exposure (3 points) for case–control study or ascertainment of outcome
(3 points) for cohort study. The same two authors independently assessed each study
and classified it into three risk groups (low, medium, and high risk of bias) based on the
scores they received out of 9 points. Any discrepancies between the two authors during the
evaluation process were resolved by discussion and consultation with the third author.
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2.4. Statistical Analysis

The meta-analysis was performed using a comprehensive meta-analysis version 3 and
STATA. A random-effects model was used to calculate pooled risk ratio with the 95% CI to
reduce the heterogeneity among studies [28]. A positive effect size indicates a risk effect of
the PPI intervention compared with the control condition. The heterogeneity was measured
using Cochran’s Q test. The I2 statistic was used to show the percentage of variability
due to sampling error. The I2 values of 0~25%, 25~50%, 50~75%, and >75% were used to
represent very low, low, moderate, and high levels of heterogeneity, respectively [29–31].
We drew a funnel plot and used the Egger regression test to assess publication bias, for
which p < 0.5 indicates significant publication bias.

3. Results

The electronic databases search identified 568 unique records. A total of 225 articles
were removed for duplications and 19 articles were selected for full-text review after
assessing titles and abstracts. Seven articles were further removed for review, as they were
ineligible due to study design and inappropriate outcome of interest. Ultimately, 12 articles
were included in the meta-analysis [13,21–24,32–38]. A visual description of the search
results is available in the PRISMA flowchart in Figure 1.
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3.1. Study Characteristics

A summary of the baseline characteristics of the included studies is presented in
Table 1. Of the included twelve studies, nine were cohort [13,21,24,33,35–38] and three
were case–control studies [23,32,34] involving 2,492,125 participants. Publication dates
ranged from 2012 [23] and 2022 [32]. Seven studies were conducted in North America (the
USA [13,22,24,34,36,38] and Canada [21]), four studies in Europe (Sweden [33], France [35],
Denmark [37] and the UK [23]), and one in Asia (Japan [32]). The range of sample size was
between 802 and 1,351,832. All the studies used ICD code to identify AKI patients except
two studies [23,24]. The range of sample size was between 802 and 1,351,832. Half of the
studies included a higher proportion of female patients, and the mean age of the patients
was higher than 50 years in all studies included. Ten studies included AKI patients based
on the International Classification of Disease (ICD) criteria, one study included based on
the Oxford Medical Information System (OXMIS), and one study was based on the Kidney
Disease Improving Global Outcomes (KDIGO).

Table 1. Characteristics of studies included in the meta-analysis.

Author, Year Location Study
Design

Sample
Size Female Age

(Mean)
AKI

Assessment Duration NOS

Antoniou 2015 [21] Canada Cohort 290,592 56.7 >65 ICD 2002–2011 8

Hart 2019 [22] USA Cohort 93,335 61.4 51.4/50.9 ICD 1993–2008 9

Ikuta 2022 [32] Japan C-C 3685 36.9 52 ICD 2005–2007 7

Klatte 2017 [33] Sweden Cohort 114,883 60.3 62.4 ICD 2007–2010 8

Klepser 2013 [34] USA C-C 802 57.4 44.6 ICD 2002–2005 7

Lazarus 2016 [13] USA

Cohort
(ARIC) 11,145 57.5 62.8 ICD 1996–2011 9

Cohort
(GHS) 248,751 56.8 50.0 ICD 1997–2014 9

Leonard 2012 [23] UK C-C 1,351,832 50.3 68.6 OXMIS 1987–2002 8

Lee 2016 [24] USA Cohort 15,158 45.9 67.9 KDIGO 2001–2008 8

Liabeuf 2020 [35] France Cohort 3023 35 70 ICD 2013–2016 9

Sutton 2019 [36] USA Cohort 21,643 3 54.13 ICD 2005–2012 7

Svanstrom 2018 [37] Denmark Cohort 122,809 76 63 ICD 2004–2015 8

Xie 2019 [38] USA Cohort 21,4467 4.07 65.10 ICD 2002–2004 8

Note: C-C: case–control; AKI: acute kidney injury; ICD: international classification of disease; NOS: the Newcastle–
Ottawa Scale; AIRC: Atherosclerosis Risk in Communities; GHS: Geisinger Health System; OXMIS: Oxford
Medical Information System; KDIGO: Kidney Disease: Improving Global Outcomes.

3.2. Quality of Included Studies

Two cohort studies had a NOS score of 9, five studies had a score of 8 and the remaining
cohort study had a score of 7. For the case–control studies, two out of three were high
quality (NOS score > 7). The average NOS score was 8.07.

3.3. Association between PPI Use and AKI Risk

Twelves studies were included in this meta-analysis to assess the risk of PPI use
and the risk of AKI. The pooled analysis from the random effect model revealed that
PPI use was associated with an increased risk of AKI (RRadjust 1.75, 95%CI: 1.40–2.19,
p < 0.001) (Figure 2). There was significant heterogeneity in the study (I2 = 95.3%, Q = 274.90,
τ2 = 0.14, p < 0.001).
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3.4. Subgroup Analyses

Subgroup analysis was performed study design, study location, and methodological
quality (Table 2).

Nine cohort and three case–control studies were evaluated to determine the effect of
PPI use on AKI risk. The overall pooled RR estimate for cohort and case–control studies
was 1.82 (95% CI: 1.38–2.41, p < 0.001) and 1.52 (95% CI: 0.95–2.43, p = 0.08), respectively.
There was significant heterogeneity among the studies (I2 = 95.47, Q = 198.65, τ2 = 0.17,
p < 0.001 and I2 = 96.36, Q = 55.05, τ2 = 0.14, p < 0.001)

Seven studies from North America, four studies from Europe, and one study from
Asia evaluated the association between PPI and AKI risk. North American individuals
had a higher risk of AKI [1.80 (95% CI: 1.31–2.48, p < 0.001)] compared to Asian [1.80 (95%
CI: 1.59–2.03, p < 0.001)] and European [1.64 (95% CI: 1.06–2.54, p = 0.02)] individuals.
There was a significant heterogeneity among studies from both North America and Europe
(I2 = 96.26, Q = 178.36, τ2 = 0.18, p < 0.001 and I2 = 89.73, Q = 29.22, τ2 = 0.18, p < 0.001).

Furthermore, nine high-quality and three moderate-quality study assessed the rela-
tionship between PPI and AKI risk. The pooled risk of AKI was 1.68 (95% CI: 1.29–2.199,
p < 0.001) in high-quality studies. However, there was a significant heterogeneity among
studies (I2 = 96.39, Q = 249.93, τ2 = 0.15, p < 0.001). The pooled risk of AKI was 1.83 (95%
CI: 1.63–2.06, p < 0.001) in moderate-quality studies. However, there was no significant
heterogeneity among studies (I2 = 0, Q = 0.96, τ2 = 0, p < 0.001).
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Table 2. Subgroup analysis of the association between PPI use and the risk of acute kidney injury.

Characteristics Number of Studies RR (95%CI) p-Value I2 Value Q Value τ2 p-Value

All studies 12 1.75
(1.40–2.19) <0.001 95.30 274.90 0.14 <0.001

Study design

Cohort 9 1.82
(1.38–2.41) <0.001 95.47 198.65 0.17 <0.001

Case–control 3 1.52
(0.95–2.43) 0.08 96.36 55.05 0.14 <0.001

Location

North America 7 1.80
(1.31–2.48) <0.001 96.26 187.36 0.18 <0.001

Europe 4 1.64
(1.06–2.54) 0.02 89.73 29.22 0.18 <0.001

Asia 1 1.80
(1.59–2.03) <0.001 - - - -

Methodological quality

High 9 1.68
(1.29–2.199) <0.001 96.39 249.93 0.15 <0.001

Moderate 3 1.83
(1.63–2.06) <0.001 0 0.96 0 <0.001

Types of PPI

Lansoprazole 1 2.56
(1.85–3.55) <0.05 - - - -

Omeprazole 1 2.94
(2.21–3.91) <0.05 - - - -

Pantoprazole 1 2.43
(1.97–3.00) <0.05 - - - -

Rabeprazole 1 2.45
(2.12–2.83) <0.05 - - - -

3.5. Sensitivity Analysis

As high heterogeneity was observed in the overall findings (I2 = 95.63%, p < 0.001), we
therefore conducted a sensitivity analysis. To examine the overall impact of each study on
AKI risk, a sensitivity analysis was performed by excluding studies one by one (Table 3).
There was no significant difference in the overall effect size and the range of effect size was
between 1.63 and 1.84. Moreover, the level of heterogeneity was same among the studies.

Table 3. Sensitivity analysis of PPI use and the risk of acute kidney injury.

Characteristics RR (95%CI) p-Value I2 Value Q Value τ2 p-Value

Antoniou et al. [21] 1.63 (1.35–1.96) <0.001 91.48 129.10 0.07 <0.001

Hart et al. [22] 1.63 (1.30–2.04) <0.001 95.61 250.63 0.13 <0.001

Ikuta et al. [32] 1.74 (1.36–2.22) <0.001 95.72 257.18 0.15 <0.001

Klatte et al. [33] 1.79 (1.41–2.26) <0.001 95.99 274.54 0.14 <0.001

Klepser et al. [34] 1.72 (1.37–2.16) <0.001 95.97 273.28 0.14 <0.001

Lazarus (ARIS) et al. [13] 1.72 (1.37–2.17) <0.001 95.96 272.81 0.14 <0.001

Lazarus (GHS) et al. [13] 1.80 (1.40–2.33) <0.001 95.95 271.69 0.17 <0.001
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Table 3. Cont.

Characteristics RR (95%CI) p-Value I2 Value Q Value τ2 p-Value

Lee et al. [24] 1.84 (1.45–2.33) <0.001 95.38 238.44 0.14 <0.001

Leonard et al. [23] 1.83 (1.45–2.32) <0.001 94.65 205.83 0.14 <0.001

Liabeuf et al. [35] 1.67 (1.33–2.10) <0.001 95.82 263.26 0.13 <0.001

Sutton et al. [36] 1.71 (1.36–2.16) <0.001 95.93 270.32 0.14 <0.001

Svanstrom et al. [37] 1.71 (1.36–2.15) <0.001 95.96 272.34 0.14 <0.001

Xie et al. [38] 1.81 (1.42–2.31) <0.001 95.91 269.09 0.15 <0.001

3.6. Publication Bias

Egger’s regression was used to detect overall publication bias and also generated
Begg’s funnel plots for the association between PPI use and the risk of AKI (Figure 3). It
showed relatively symmetric distribution, indicating no publication bias (p = 0.20).
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4. Discussion
4.1. Main Findings

A meta-analysis based on twelve observational studies showed that there was a
significant association between PPI use and the risk of AKI. However, when stratified
according to region, we found that the risk of AKI was high in North American individuals
compared to Asian and European individuals. The risk of AKI was slightly lower among
PPI users in high-quality studies than in moderate-quality studies. This may be due to
the small number of studies focused on the association between PPI use and AKI, and
the fact that some risk factors for AKI have not been fully adjusted. The findings of our
study are consistent with previously published meta-analysis [39], which found that overall
PPI use is associated with an increased risk of AKI. However, our meta-analysis included
a higher number of studies, larger sample sizes, and comprehensive subgroup analyses
based on region or methodological quality than previously published studies. The present
meta-analysis is to also the first to a conduct sensitivity analysis on this topic.
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4.2. Biological Plausibility

Although the association between PPI use and the risk of AKI is uncertain, several
possible pathophysiological mechanisms have been reported. Previous studies have shown
that the development of AIN and a hypersensitivity reaction might responsible for the re-
ducing glomerular filtration rate and adverse renal outcomes [40,41]. Moreover, PPI inhibits
lysosomal activity by reducing nitric oxide synthesis and increasing hypomagnesemia,
which could be another possible mechanism for increasing inflammatory and atherogenic
marker secretion [42,43]. Several studies also reported that PPI use is associated with an
increased risk of enteric infections, including C. difficile infection [44–46], and consequently
also to dehydration-associated AKI [47]. Hypomagnesemia is also considered as one of the
potential predictors of declining kidney function and a link to AKI [48,49]. PPI use also
can increase the risk of hypomagnesemia via the disturbance of gastrointestinal handling
of magnesium [50]. Clinical practice guidelines from various countries recommended the
concomitant use of PPIs and NSAID to impart gastroprotection [51,52]; however, previous
studies reported that the concomitant use of PPIs and NSAID might increase the risk of
AKI [23,53]. Finally, PPI metabolites may deposit within the tubulointerstitial, which can
lead to acute renal events and induce AIN by stimulating T-cells [54].

4.3. Clinical Implications

Kidney disease is the most common public health problem and the leading cause of
death worldwide [55]. The economic burden of AKI has increased due to an increased rate
of hospitalization that ranges from USD 5.4 to USD 24.0 billion [56]. The cost always varies
based on the severity of the disease, and the cost is usually high if a patient requires dialysis.
As the prevalence of AKI is increasing and imposing a substantial burden on our society in
either both financial and psychological respects, it is therefore a top public health priority.

While the major causes of AKI are always unclear, a number of possible risk factors for
developing AKI have been identified. Previous studies reported that use of NSAIDs [57],
remdesivir [58], and atypical antipsychotic [59] were associated with an increased risk
of AKI. Concerns have been raised about PPI, as it is considered as a first-line, safe, and
effective treatment for gastric disorders. Moreover, previous evidence also reported various
adverse outcomes (e.g., dementia, hip fracture, community acquired pneumonia) associated
with long-term use of PPI [15,60,61].

The findings of our study showed a higher risk of AKI among PPI users in three
different geographical regions. Disease risk varies regionally and is always complex.
Several studies have reported that physiological variation may be a factor [62,63], including
genetic factors and lifestyle factors, such as eating habits, smoking, alcohol, and physical
activity [64,65], as well as environmental factors, such as pollution, socioeconomic status,
and stress, and access to public health services [66,67]. However, the gradual improvement
of AKI symptoms, early screening, and the identification of AKI risk factors can improve
the situation. However, the known and suspected risk factors cannot fully explain the risk
of AKI between ethnicities.

The risk of AKI was consistent in other subgroup analyses, which makes the evidence
more robust. Although PPI has been shown to have a favorable safety profile [68,69],
it is important to be cautious while taking or prescribing them for patients with gastric
disorders. Evidence generated from retrospective data linkage or cross-sectional studies
could potentially be biased due to confounding factors, a lack of propensity score matching,
and the selection of appropriate PPI users. Therefore, these findings may provide skewed
risk rates. The findings of our study suggest that PPI therapy should only be used with
a planned treatment strategy according to appropriate indications for a specific duration
of time (based on the patient’s clinical conditions) if the overall benefits are expected to
outweigh the risks.



J. Clin. Med. 2023, 12, 2467 9 of 12

4.4. Strengths and Limitations

Our study has several strengths. First, it included a larger number of individuals
and studies compared to previously published meta-analysis, providing greater statistical
power. Second, our study also analyzed the relationship between PPI use and the risk of
AKI based on region and study quality, which was not included in previous studies. Third,
to minimize the impact of potential confounding factors, our study calculated the pooled
effect size using only adjusted OR/HR values, which makes our findings more robust.

However, our study also has some limitations. First, it included only observational
studies. Although most of the studies included were of high quality and adjusted for
potential confounding factors, selection bias cannot be ignored. Therefore, the findings of
our study cannot confirm the existence of causality. Second, we were unable to examine
the risk of AKI among PPI users based on the duration of PPI use and various dosages
due to data insufficiency. Third, only one study provided individual PPI use and the
risk of AKI. More studies are warranted to draw a firm conclusion about different PPIs
(e.g., omeprazole, rabeprazole). Fourth, our study provided a subgroup analysis based on
the region but only studies from Asia were included. Therefore, more studies are needed
to evaluate the regional effect. Finally, most of the included studies defined AKI based
on the ICD-9 or ICD-10; however, the absolute risk of AKI in the target population can be
underestimated. Two studies used laboratory data to detect AKI among PPI users; however,
the effect of PPIs might be significantly affected by existed confounding factors and those
studies did not categorize the stage of AKI.

5. Conclusions

In this meta-analysis, we found that PPI use was associated with an increased risk
of AKI. The risk of AKI was high in North American individuals compared to Asian and
European individuals. Given the high prevalence of PPI use among patients with gastric
disorders, safe prescription practices are necessary to ensure patients are not put at undue
risk. Well-designed, with an appropriate strategy for patient selection (e.g., ICD, laboratory
tests), and large prospective studies are needed in the future to gain further insight into the
importance of PPI dose and duration, which can guide critical clinical decision-making.
Moreover, animal studies can provide additional insight into the mechanisms by which
PPI use may increase the risk of AKI.
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